The computationally simple quantum mechanical method (VSCF-DWB-IOS) has been applied to studying the Ar-CO 2 vibrational predissociation phenomenon. The new methodology utilizes the vibrational self-consistent field method to determine the vibrational structure of the van der Waals complex, the distorted-wave Born approximation for dissociating process, and the infinite-order sudden approximation for the continuum dissociating product of CO 2. The dissociation due to the coupling of the symmetric stretching vibrational motion of CO 2 with the motion of the Ar van der Waals mode has been extensively investigated. The lifetimes of transient excited vibrational states, linewidths of absorption peak, and the rotational state distributions of the product, CO 2 have been computed. It has been found that the lifetime of the Ar-CO 2 in excited vibrational state is very long compared with that of triatomic van der Waals complexes and the product CO 2 carries a major portion of dissociation energy as a rotational energy.
Introduction
The study, both experimentally and theoretically, on intramolecular energy transfer within a van der Waals complex has become an interesting research subject. The vibrational predissociation is one of important phenomena caused by intramolecular energy transfer. For large van der Waals complexes the identification and distributions of vibrational predissociation products have been a major subject to investigate, while very detailed dynamics of vibrational predissociation has been pursued for small complexes. Particularly the vibrational predissociation of triatomic (atom-diatom) van der Waals complexes has been extensively studied. 1 The detailed predissociation dynamics of large complexes (larger than triatomics) have not been studied much because of the complexity of the systems. Therefore it is still challenging to determine the full (including highly excited states) vibrational structure of large van der Waals complexes as well as their dynamics.
One of the tetra-atomic systems that has received a lot of experimental and theoretical attention is the Ar-CO 2 complex. Many theoretical investigations have focused on the potential energy surface (PES) of the ground electronic state of the Ar-CO 2 complex because its vibrational dynamics is very sensitive to the details of the PES. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] With those theoretical PES, the equilibrium structure and properties of Ar-CO 2 have been investigated but the full dynamics and/or composite vibrational structures were not studied yet. And the previous PES studies concentrated on the van der Waals interaction of Ar with CO 2 ignoring the dependency of potential energy on vibrational motion of CO 2 , i.e., CO 2 is assumed to be rigid. Experimental studies on infrared spectra, Raman pressure broadening, scattering phenomena, transport properties, and nuclear spin relaxation of Ar-CO 2 have also been reported. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] All these studies were for understanding mainly either the interaction of Ar with CO 2 or the nature of the van der Waals bond. The vibrational predissociation of Ar-CO 2 has been rarely studied. Long time ago Miller's group reported two works on the vibrational predissociation but they reported only vibrational and rotational propensity rules, e.g., the distribution of the CO 2 product, and thus studied the structure of the complex for the sole purpose of deducing a reasonable PES. 26, 27 Here we present a quantum mechanical study on the vibrational predissociation of Ar-CO 2 . The infrared irradiation excites the vibrational motion of Ar-CO 2 , mainly the incident photon energy flows into the vibrational motion of CO 2 . Then the excited state relaxes into a lower level to dissociate the van der Waals bond by releasing the relaxation energy. It is the V → T (vibrational to translational) energy transfer and called the vibrational predissociation process. The dissociation occurs via the coupling of CO 2 vibrational motion with the van der Waals motion of Ar. To study this vibrational predissociation we should accurately determine the vibrational structure of the system, i.e., wave functions and energies of excited vibrational states must be calculated. Ar-CO 2 has 6 vibrational degrees of freedom so that accurate quantum mechanical calculations of excited vibrational states are still a formidable task. 30 Moreover in this dynamics work we have to evaluate the continuum wave functions of dissociating products, which is too complicated to handle when all the 6 degrees of freedom are included. To reduce the dimensionality of the system we decide to concentrate on the vibrational predissociation by the symmetric stretching motion of CO 2 only. The two bending motions and the antisymmetric stretching motions of CO 2 are ignored so that our Ar-CO 2 has only 3 vibrational degrees of freedom. CO 2 , as a matter of fact, is a very rigid molecule so that the couplings among CO 2 vibrational modes are very small. Therefore our approach in which the symmetric stretching motion is free from other vibrational modes does not impose any serious errors. Only limitation of this approach is that we do not study the predissociation caused by the antisymmetric stretching or bending motions of CO 2 . Of course, the stretching and bending motions of Ar atom against CO 2 are fully accounted.
The details of the theoretical method called VSCF-DWB-IOS have been reported already. [31] [32] [33] In this method the predissociation is viewed as a half-collision process. We start with determining the excited vibrational states of Ar-CO 2 . The excited state of Ar-CO 2 is obtained by infrared irradiation and this absorption process is very fast compared to dissociation process. Therefore we start our calculation to determine the vibrational wave functions of the bound Ar-CO 2 in excited state. To have the wave functions we employ the vibrational self-consistent field approximation (VSCF) of which validity is verified. 34 The continuum wave function of the dissociating Ar + CO 2 should also be evaluated and the infinite-order sudden (IOS) approximation is adopted for this purpose. Then the dissociation rate is evaluated using distorted-wave Born (DWB) approximation that is essentially identical with the well known Fermi's golden rule. This VSCF-DWB-IOS method is relatively new so that the test of the methodology itself is one of the purposes of this work. The quantities we calculated are the predissociation rates, the lifetimes of the transient excited vibrational states of Ar-CO 2 , the linewidths of absorption peaks, and the rotational state distributions of the dissociation product CO 2 .
Theory CO 2 has four vibrational modes -a symmetric stretching, an antisymmetric stretching, and two bending modes. In this work we concentrate only on the symmetric stretching mode (excluding the other three modes). Then the Ar-CO 2 has 3 vibrational degrees of freedom. They are the symmetric stretching motion of CO 2 , the stretching and bending motions of Ar with respect to CO 2 . Consequently the triatomic CO 2 can be treated as a pseudo diatomic molecule and the Ar-CO 2 (atom-triatom system) becomes an atom-diatom system. We have already developed the VSCF-DWB-IOS method for atom-diatom system and thus it can be applied to the current Ar-CO 2 predissociation study without any change. [31] [32] [33] When CO 2 vibrates in symmetric stretching mode, the center carbon atom is stationary and the two oxygen atoms move inward and outward in a symmetric fashion. Mathematically it is identical with the vibrational motion of diatomic O 2 molecule. The only difference is the potential energy function. Therefore, from now on, we simulate the symmetric stretching vibration of CO 2 with a vibration of pseudo-O 2 . Using the Jacobi coordinates system, the distance vector between the two oxygen atoms is denoted r, the vector from the carbon atom to the argon atom is denoted R, and the angle between R and r is θ.
The reduced Schrödinger equation for the vibrational motion is H(r, R,θ ) Ψ (r, R,θ ) = EΨ (r, R,θ ) (1) where the reduced Hamiltonian can be written as (2) where µ1 is the reduced mass of two oxygen atoms, and µ2 is the reduced mass of CO2 and Ar atom. j and l are the two angular momenta associated with r and R, respectively.
The total potential energy of the system can be divided as V The Eq. (1) is solved for a bound vibrational state by using self-consistent field (VSCF) approximation and for a dissociating continuum state by using the infinite-order sudden (IOS) approximation. When the bound state solution is designated as and the dissociating state solution as , the dissociation rate R is under the distorted-wave Born (DWB) approximation. υi is the vibrational quantum number of Ar-CO2 (see below). υ' is the quantum number associated with free CO2 symmetric stretching vibration, and j is the quantum number associated with free CO2 molecular rotation. The Vc and ρ (E) will be defined later.
The outline of VSCF procedure is as follows. We assume that the bound state wave function can be approximated as (5) and (6) The quantum number υ1 corresponds to the symmetric stretching motion of CO2, υ2 is the quantum number for the stretching motion of Ar with respect to CO2, and υ3 is the bending motion of Ar with respect to CO2.
Then the modal wave functions ψ should satisfy
where, , and are modal eigenvalues, and
. (13) The subscripts after bracket < > indicate that the quantity is an integral over the modal functions which the subscript designates. The total VSCF energy for the (υ 1 , υ 2 , υ 3 ) bound state is (14) where the correction energy E cor is (15) We turn to determination of a final state wave function, where υ' and j indicate the symmetric stretching vibrational and the rotational quantum number of free CO 2 , respectively. Here we use a vibrationally adiabatic approximation, which is (16) where is the symmetric stretching vibrational wave function of the state υ' of CO 2 , which is a solution of the vibrational Schrödinger equation of CO 2 (or pseudo-O 2 ). (17) where is the υ' symmetric stretching vibrational energy of free CO 2 .
The continuum wave function consists of two parts; one is the rotational ( j ) motion of CO 2 and the other is a relative translational motion of CO 2 with respect to Ar. The Schrödinger equation for is (18) Under IOS, we set because total angular momentum is fixed as zero, then the scattering equation we obtain is one-dimensional, i.e., (19) where B is a rotational constant of CO 2 at the symmetric stretching vibrational state υ' [the third term in Eq. (18)], is the averaged V 2 integral over [the fourth term in Eq. (18)], E is the translational energy which is , and parametrically depends on angle θ.
The dissociation process is assumed to be due to modemode coupling which causes energy transfer (and predissociation) from vibrational motion of Ar-CO 2 to kinetic motion of Ar (V âT). The coupling, V c is generally so weak that a perturbative approach could be suitable (see Eq. 4) and, consequently, V c could be regarded as (20) The density of final state at energy E, ρ(E), is unity when the energy-normalized continuum wave function is used.
The predissociation rate R from the (υ1, υ2, υ3) initial Ar-CO2 state to the ( , j) final CO2 state can be evaluated using Eq. (4). The full width at half-maximum (FWHM), is (21) (22) And a predissociation lifetime of the (υ1, υ2, υ3) state, is (23)
Potential Energy Surface and Computations
Various types of ab initio and semiempirical calculations on the potential energy function of Ar-CO2 have appeared in literatures and also many fitted potential functions using experimental data have been reported. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However all these studies concentrated on the van der Waals interaction potential between CO2 and Ar. The CO2 in Ar-CO2 was always assumed to be a rigid rod in equilibrium linear geometry. In this work, since we are interested in the stretching vibrational motion of CO2, the potential energy surface which should depend on the C-O internuclear distance is required. Therefore we constructed a new potential energy function for Ar-CO2 using the already
published potential energy functions as follows.
The total potential energy function for Ar-CO 2 is approximated as the sum of several interactions. That is, (24) Here the r coordinate represents the CO 2 symmetric stretching vibration, R is the distance from the C in CO 2 to Ar atom, and θ is the angle between the R and r. For details of the coordinates, please refer to the Theory section. The zero of the potential energy is set to be the complete dissociation limit of Ar + C + O + O.
In spectroscopic experiment the vibrational energy of CO 2 is expressed in a virial form, 35 (25) where ν 1 , ν 2 , and ν 3 are the symmetric stretching, the bending, and the antisymmetric stretching vibrational quantum numbers of CO 2 , respectively. If we ignore the bending and antisymmetric stretching motions and also the interactions among the modes, we have the energy expressions only for the symmetric stretching vibration of CO 2 in a second virial form, (26) where ω 1 = 1354.07 cm −1 and x 11 = −3.10 cm
. As well known, this form of vibrational energy expression can be readily obtained when a potential function between two atoms in diatomc molecule is a Morse type function. 36 Therefore the symmetric stretching potential of CO 2 is assumed to be a Morse type function, i.e., (27) The r is the distance between the two end oxygen atoms because the center carbon atom is stationary in the symmetric stretching vibration. As mentioned before, the CO 2 is viewed as a pseudo-O 2 molecule. With the experimental values (ω 1 and x 11 ), the dissociation energy D 1 is calculated to be 0.673715 au (=147863 cm ) and the exponential factor β1 to be 0.6418 au reported that the C-O equilibrium bond length of CO 2 is 2.194 au so that the equilibrium internuclear distance (r 1e ) between the two oxygen atoms in pseudo-O 2 is 4.388 au.
From 37 we constructed the Morse type potential energy function for the Ar-C interaction energy. The difference between the interaction energy of Ar-CO 2 and that of Ar-O 2 is assumed to be equal to the interaction energy between Ar and C. And the parameters are adjusted to reproduce the energy difference accurately. The resulting Ar-C potential function is (28) where D 2 = 4.061 × 10 −4 au, β 2 = 0.8169 au
, and R 2e = 6.58 au.
The potential function for the Ar-O pair is also approximated as a Morse type function, i.e., (29) The parameters are generated to fit the Cybulski et al.'s Ar-O 2 potential function accurately. 37 The best fitted parameters are: D 3 = 2.649 × 10 −4 au, β 3 = 0.8431 au
, and r 3e = 6.936 au.
The greatest error in our newly suggested potential function may stem from using the sum of several Morse type functions. To reduce this error we have performed a fitting to obtain the Morse parameters. The new potential function at r = r 1e is plotted in Figure 1 . We have reproduced the correct T-shape equilibrium geometry and our fitted potential function is found to be exactly identical with the ab initio potential 6 within the range of R = 6.15-7.31 au and theta θ = 72-108 o . It suggests that at least the low vibrational levels of Ar-CO 2 can be accurately determined using our new potential. Note that our potential function explicitly includes and expresses the interaction energy between the CO 2 stretching and Ar atom.
We first concentrate on determining the vibrational structure of the Ar-CO 2 complex with our new potential energy surface. The vibrational state of Ar-CO 2 is denoted as (υ 1 , υ 2 , υ 3 ) where υ 1 is related with r representing the symmetric stretching motion of CO 2 , and υ 2 (or R) and υ 3 (or θ) represent the stretching and bending vibrational motion of the Ar atom with respect to the CO 2 . The vibrational states are calculated using the suggested VSCF method where relevant equations are numerically and iteratively solved.
For the r and R coordinates, the starting point of numerical integration is well inside the classically forbidden region. The integration ends at very large distance where the bound state wave function converges to zero and the continuum wave function becomes a plane wave, free from the interaction. For the angle(θ) coordinate, the discrete variable representation is adopted and the 81 Legendre functions, that is, 81 grid points are used. The masses of C, O, and Ar atoms are 12, 16, and 40 amu, respectively.
Within the electronic ground state of Ar-CO 2 , the vibrational predissociation can be written as Ar-CO 2 (υ 1 , υ2, υ3) â CO 2 (υ') + Ar where υ' is less than υ1 usually. The equa-tions presented in the previous Theory section are nume-rically solved one-by-one in order to obtain the dissociating wave functions (IOS used by setting ), the couplings, and then the predissociation widths of absorption peaks and rotational state distributions of the
product CO 2 . Same calculations are repeated for various (υ 1 , υ 2 , υ 3 ) levels and various υ' CO 2 symmetric stretching levels, that is, many dissociation channels are investigated.
Results and Discussions
To assess the accuracy of the potential energy function used, we have calculated the symmetric stretching vibrational levels of CO 2 which are listed in Table 1 . Overall our theoretical values are in very good agreement with experimental ones and the agreement is better for the low vibrational levels. The calculated levels with our new Morse type potential function are generally lower than the corresponding experimental ones. The errors stem from mainly the neglect of coupling between the antisymmetric stretching and/or bending motion with the symmetric stretching motion. But the errors are generally very small (less than 0.002%) so that such discrepancy does not impose any serious problems in our dynamics calculations. We study the predissociations involving only the lower levels of CO 2 .
The vibrational energy levels of Ar-CO 2 which are calculated using the vibrational self-consistent field approximation are listed in Table 2 . The levels are, in this work, denoted as (υ 1 , υ2, υ3) where υ1 indicates the symmetric stretching of CO 2 , υ2 represents the stretching of Ar with respect to CO 2 , and υ3 is for the bending motion of Ar with respect to CO 2 . υ2 and υ3 describe the so called van der Waals vibrational modes. For each value of υ1, there are four υ2 stretching states found and for each of υ1 and υ2, four υ3 bending states are found. . The first excited vibrational state that lies higher by 24 cm −1 than the ground (0,0,0) state is the van der Waals bending state (0,0,1). And the next state is the van der Waals stretching (0,1,0) state which is higher by 37 cm −1 than the ground state. From this we are able to understand the vibrational motion of Ar-CO 2 , i.e., the Ar atom moves inwards and outwards against CO 2 with large amplitude while the bending motion of Ar atom is rather tight. For the excited vibrational levels of Ar-CO 2 , we can not find any reported values to compare with. The "van der Waals (vdW) energy" can be defined as the energy difference between the energy of free CO 2 (υ' = υ 1 ) and that of Ar-CO 2 (υ 1 , υ 2 , υ 3 ). The calculated vdW bond ) of CO2 and Ar-CO2. The zero of energy is the υ'=0 ground symmetric stretching state of CO2. υ'/υ1 CO2(υ') Ar-CO2(υ1,0,0) Ar-CO2(υ1,0,1) Ar-CO2 (υ1,1,0 When υ' = υ1−1, it will be called the ∆υ = -1 process. Likewise, the ∆υ = -2 process is when υ' = υ1−2, and so on. The predissociation rates, lifetimes, and FWHM (full width at half maximum) linewidths of absorption peaks are listed in Table 3 for the low (υ 1 ,0,0) states for ∆υ = -1 process. The rates for ∆υ = -2 process are the 6th order of magnitude smaller than those for the corresponding ∆υ = -1 process, which can be practically ignored when the vibrational predissociation from the lower vibrational level of Ar-CO 2 is of interest. The rates for ∆υ = -3 process are virtually zero. The dissociation rates increase as the υ1 level increases. The vibrational energy gap between two adjacent levels decreases as the υ1 increases. Therefore the vibrational relaxation into a lower level becomes much easier (energy gap law) to increase the dissociation rate.
As shown in Figure 2 , accordingly the lifetime of the transient Ar-CO 2 (υ 1 ,0,0) decreases as the υ1 increases, i.e., the highly excited states are less stable. The lifetimes are in the order of microseconds (10 −6 s), for example, 2.81 µs for
(1,0,0). They are much longer than those for halogen atomdiatom van der Waals complexes. It is partly because the vdW binding energy for Ar-CO 2 is large. Nonetheless the lifetime seems to be extraordinarily long. We want to stress that, in this work, we considered only the relaxation from a symmetric stretching to another symmetric stretching mode of CO 2 . But, in reality, there are antisymmetric stretching and bending motions in CO 2 so that the relaxation from a symmetric stretching level to an antisymmetric stretching or a bending level is possible. If the neglected modes are included in calculations, it is certain that the lifetimes become shorter. Therefore our lifetimes might be regarded as the upper bound. Experimental estimation of lifetime was once reported to be in the order of 50 ns. 26 We have calculated rates, linewidths, lifetimes, and rotational state distributions of product for many Ar-CO 2 initial states and CO 2 final states. But, in the present paper, only partial data are reported to save the space. Full data can be obtained from The rotational state distributions of the diatomic fragment of CO 2 are presented in Figure 3 for the dissociation of Ar-CO 2 (1,0,0) âCO 2 (0) + Ar. The distribution shows a prominent maximum peak at rather high rotational state. The CO 2 in either low j states or high j states are not produced from the predissociation of Ar-CO 2 . For higher υ 1 states, i.e., υ 1 >1, the same pattern is found. This feature is somewhat different from other cases of predissociation. The frequently found rotational state distributions of the diatom product from the vibrational predissociation of atom-diatom van der Waals complex are two types; one is that the lowest j state populates most and the population gradually decreases as j goes higher, and the other is the case of bimodal distribution. Ar-CO 2 has, even at the vibrational state of (1,0,0), has relatively large vdW bending zero point energy so that the outcoming CO 2 may have a lot of rotational energy. But, at the same time, Ar-CO 2 has a vdW stretching zero point energy which can be directly transferred to the translational energy of the product CO 2 . The competition of the two types of vdW vibrational motions may compete. It accounts for the existence of the maximum in rather high j state. However, in order to fully understand the rotational state distributions, more studies on various atom-triatom systems will be necessary.
Summary and Conclusions
A new and simple Morse type potential energy function for Ar-CO 2 is suggested. The suggested potential function is as accurate as already known potential energy functions but it exclusively includes the dependence of the potential energy on the CO 2 symmetric stretching vibrational coordinates. With the potential energy function the VSCF-DWB-IOS approximate theoretical method has been applied to the vibrational predissociation of Ar-CO 2 . The dissociation rates, absorption linewidths, lifetimes of transient excited Ar-CO 2 species, and rotational distributions of the product CO 2 are all computed. The self-consistent field (VSCF) calculations have revealed detailed and rich vibrational structures of Ar-CO 2 , i.e., many van der Waals stretching and bending vibrational levels exist. The VSCF method is found to reproduce the ground vibrational level accurately. For the excited states, the accuracy of the method could not be tested because no experimental values are available. The distortedwave Born (DWB) and the infinite-order sudden (IOS) approximations seem not to impose serious problems.
We verified that the symmetric stretching mode of CO 2 can be effectively coupled with the van der Waals vibrational modes, which can bring the vibrational predissociation of Ar-CO 2 . The lifetime of Ar-CO 2 (1,0,0) is calculated to be in the order of a microsecond. The rotational state distributions of the product CO 2 (υ') are found to be independent of symmetric stretching υ' mode, and high rotational states are rather heavily populated. Generally the dissociation rates are found to be small. It is probably due to the neglect of the coupling of the symmetric stretching mode with the antisymmetric stretch and bending modes in CO 2 . Full calculations including all the four vibrational modes of CO 2 will be pursued in the near future.
